Abstract: CO 2 adsorption capacities of activated carbon-based adsorbents subjected to different treatments, such as HNO 3 oxidation, air oxidation, alkali impregnation, and heat treatment under helium gas atmosphere, were determined by gravimetric analyses and reported previously by our group. In the current work, the experimental adsorption isotherms of these modified activated carbon samples were fitted to Langmuir, Freundlich, and Dubinin-Radushkevich (D-R) models. The best fits were obtained to the D-R equation, indicating competitive or multilayer CO 2 adsorption occurring in the micropores of the adsorbents. Air oxidation followed by alkali impregnation led to the highest micropore volume, ranging between 0.259 and 0.298 g.CO 2 /g.adsorbent, which resulted in the highest CO 2 adsorption capacity of 8.87%
Introduction
According to the International Energy Agency (IEA), fossil fuels account for more than 80% of present world energy consumption. Additionally, the growing economies of developing nations are expected to require significantly more energy to meet expected future demand, much of which could come from fossil fuels. Carbon capture and storage technologies continue to gain importance due to the rising greenhouse gas emissions, of which CO 2 accounts for ca. 80%, majorly resulting from fossil fuel consumption. Among the CO 2 capture technologies, adsorption stands out from the others with its cost advantage, high efficiency, versatility, and ease of applicability over a relatively wide range of temperatures and pressures.
1−4 Moisture-resistant porous adsorbents with large surface areas such as activated carbons are very suitable for CO 2 adsorption. In addition to their advantageous properties like robustness and their high CO 2 adsorption capacities, the surface chemistry of the activated carbons can be modified by chemical activation to increase the adsorption capacity even further.
Oxidative pretreatments, 5, 6 heat treatment with ammonia, 7−11 and slurry/solution impregnation are widely used techniques that modify the surface chemistry of the activated carbon. 16 2 impregnation for carbon-based adsorbents. Our group has previously designed and tested modified (oxidized and Na 2 CO 3 -impregnated) activated carbon-based adsorbents and reported approximately 15-fold CO 2 adsorption capacity compared to that of their nonimpregnated supports. 4 The CO 2 adsorption test results obtained may be used to get further information about the material that is studied, as the physical adsorption of gases and vapors is a very useful technique for the characterization of microporous solids. 17 For many years, since the surface area was presumed to be the measure of adsorption capacity, microporous solids such as activated carbons have been characterized using the B.E.T. method applied to the adsorption isotherm. 18 As the surface area is inadequate for giving information about the pore size, pore shape, and pore surface chemistry, over the past 50 years methods of isotherm analysis have been used to get an overview of the pore structure. 18, 19 The choice of the appropriate equation for parameter evaluation that characterizes the microporous structure is crucial. Among the many theoretical or empirical adsorption isotherm equations, the Freundlich and Langmuir equations are the ones used most often. 20 The simplest theoretical model that can be used to describe monolayer adsorption is the Langmuir equation, which assumes a uniform surface, a single layer of adsorbed material, and constant temperature. 21, 22 The Langmuir equation may be written as follows:
where Q is the amount adsorbed (mmol/g adsorbent), P is the pressure (mmHg), Q m is the theoretical monolayer saturation capacity, and b is the Langmuir isotherm constant. Thus the plot of P/Q against P should be linear with a slope and intercept of l/Q m and 1/bQ m , respectively. This model is useful when there is a strong specific interaction between the surface and the adsorbate so that no multilayer adsorption occurs.
20,21
The Freundlich equation is an empirical formula that provides a very reasonable description of nonlinear adsorption behavior involving heterogeneous surfaces considering adsorption enthalpy change with surface concentration. The equation can be written in the form
where k and n are Freundlich constants representing adsorption capacity and adsorption intensity, respectively.
20,23
A plot of log(Q) versus log(P) gives the values of k and n.
Since competitive or multilayer adsorption can occur on microporous adsorbents, one may choose to use the popular equation proposed by Dubinin and Radushkevich, which describes the adsorption of gases and vapors on microporous adsorbents such as carbons. 17, 22, 24, 25 The Dubinin-Radushkevich (D-R) equation may be written as
, where W is the amount of gas adsorbed per unit mass of adsorbent (g/g catalyst), W 0 is micropore capacity (g/g catalyst), R is the universal gas constant (8.315 J/mol K), T is the temperature (K), E is the characteristic energy (J/mol), and P 0 is the saturation pressure (mmHg). Thus, one can obtain the micropore capacity and characteristic energy by plotting ln(W) versus (ln(P/P 0 )) 2 .
A predictive model using thermodynamic equilibrium and reliable kinetic parameters may provide a method for estimating the adsorption dynamics and CO 2 adsorption column sizing without extensive experimentation. 26, 27 It is possible to fit the kinetic data to both pseudo-first and pseudo-second order models aiming to determine the appropriate reaction order for the adsorption processes based on R The aim of the current work was to determine the CO 2 adsorption behavior of activated carbon samples subjected to different treatments, such as HNO 3 oxidation, air oxidation, alkali impregnation, and heat treatment, and to obtain information on CO 2 adsorption kinetics on them. In this context, first the experimental adsorption isotherms, which were determined previously for 25, 120/180, and 200
• C temperature levels and 0-20 bar pressure range, 4 were fitted to Langmuir, Freundlich, and D-R models, and the goodness of fit for those models was comparatively analyzed. These studies were followed by the search for the best kinetic model for CO 2 adsorption on those samples for the same temperature levels and 1 bar CO 2 pressure.
Results and discussion
The experimental adsorption isotherms were fitted to Langmuir, Freundlich, and D-R models to describe the adsorption characteristics of the designed and prepared adsorbents; a better fit was obtained to the D-R equation with a correlation coefficient of 0.99 (Tables 1-3 ). The correlation coefficients (R 2 ) (Tables 1 and 2) indicated that the Langmuir and Freundlich models can also be used to explain the data and to estimate the adsorption parameters for all AC4 and AC5 samples except for AC4-300, which has a correlation coefficient of 0.403 for the Langmuir equation. Figure 1 is given as an example of the Langmuir isotherms for AC4-250 adsorbent. The comparative analysis indicated that between the two models CO 2 adsorption on all AC4 and AC5 samples could be better explained by the Freundlich isotherm. Thus, the possibility of monolayer adsorption (constant heat of adsorption for all sites) on the active homogeneous sites present within the adsorbent, which the Langmuir model is based on, 20,23 is eliminated. Previous EDS and DRIFTS studies conducted on AC4 and AC5 samples have proven the heterogeneous structure of the active sites on the Na 2 CO 3 impregnated samples. The Na sites, which have CO 2 adsorption ability, are highly dispersed on the AC support, yielding enhanced CO 2 adsorption capacity of the AC-based adsorbent. Moreover, free carboxylic acid sites of the AC support, i.e. the carboxylic acid sites that are not coordinated to Na precursor, decompose to CO 2 upon heat treatment, forming uncoordinated C sites that can easily adsorb CO 2 ; those sites provide additional CO 2 adsorption capacity to the impregnated adsorbent. 4 As expected, CO 2 adsorption isotherms for AC1, AC2, and AC3 samples did not fit the Langmuir or Freundlich models; in addition to the nonoverlapping adsorption and desorption isotherms during cyclic tests, adsorption capacity increases for those samples at elevated temperatures. This can be attributed to the decomposition of the oxygen-bearing surface groups with the rise in temperature. Upon the decomposition of those surface groups, uncoordinated/free C sites are formed, which can readily adsorb CO 2 , 4 and this can be considered an indication of chemically activated adsorption. Table 2 shows the Freundlich equation parameters k and 1/n values at different temperature levels. Figure   2 is given as an example of the log(Q) versus log(P) plots allowing the determination of those parameters. The
Freundlich isotherm assumes a heterogeneous surface (multilayer adsorption) with a nonuniform distribution of heat of adsorption over it. 35, 36 The decrease in the values of k, which can be interpreted as a measure of adsorption capacity under specified conditions, 20,37 at higher temperatures shows that the adsorption rate decreases with a rise in temperature. For Freundlich isotherms, the 1/n constant is an important parameter of exchange intensity or surface heterogeneity, and it ranges between 0 and 1. As shown in Table 2 , the values of 1/n were between 0 and 1 for all the AC4 and AC5 samples, suggesting that the use of the Freundlich isotherm is favorable. 36 It has been shown that high values of 1/n reflect relatively uniform surfaces. 37 Keeping this fact in mind, one can conclude that AC4 and AC5 samples show similar surface characteristics in terms of heterogeneity at room temperature. However, at elevated temperatures, a sharp decrease in the extent of surface heterogeneity for AC4 samples, including the high temperature He-treated one, was observed. A similar decrease is also evident for all the AC5 adsorbents although not as much as that of the AC4 samples. This may be due to the fact that AC5 adsorbents are richer in carboxylic acid and aromatic groups as revealed by the FTIR-DRIFTS studies.
4
The experimental data plotted in accordance with the D-R adsorption isotherms, having characteristic curves that describe adsorption capacity, are given in Figure 3 for AC4-250 sample as an example. The characteristic energy and the micropore capacity of all the adsorbent samples studied are presented in Table 3 . The micropore capacity of the HCl-treated (AC1), air-oxidized (AC2), and HNO 3 -oxidized samples (AC3) was observed to increase with temperature, whereas for the air-oxidized Na 2 CO 3 -impregnated (AC4) and nitric acid-oxidized Na 2 CO 3 -impregnated (AC5) samples, it was found to decrease as the temperature increased.
The highest micropore capacity was obtained for AC4-250 sample at 25
• C (Table 5) , which is in accordance with the experimental results ( Table 4 ). The characteristic energies (E) of the alkali-impregnated adsorbents were higher than those of the nonimpregnated samples at 25
the E values of the alkali impregnated and nonimpregnated ones was observed as the characteristic energies of the AC4 and AC5 samples were found to decrease with increasing temperature. The value of E provides information about the adsorption mechanism. Values below 8 kJ/mol indicate physical adsorption, whereas characteristic energies above that value up to 16 kJ/mol point to ion exchange. 31 Therefore, we can conclude that physisorption is the adsorption mechanism for all the adsorbents studied at all temperature levels and for AC4 and AC5 samples at 25
• C ion exchange mechanism may have played an additional role. Furthermore, for all the activated carbon-based adsorbents studied, the D-R plots consist of only one section, suggesting only one micropore size range is observed in these solids. In order to analyze CO 2 adsorption kinetics on the adsorbents, kinetic plots of the samples involving the time to reach the equilibrium CO 2 uptake values at 1000 mbar were obtained at all temperature levels. Constant temperature and pressure were maintained during the equilibrium measurements. The kinetic plots [adsorbed amount of CO 2 (q t ) in mg/g versus time (t) in min] of AC4 samples are given for adsorption at 
17

and 120
• C as an example in Figure 4 . The CO 2 adsorption kinetic plots revealed a two-step adsorption process for all the activated carbon adsorbents, a relatively fast kinetic region phase followed by a slow one until reaching the equilibrium for all temperature levels, 25
• C, 120
• C, and 200
• C (not shown). The distinction between those two phases can be followed from the plot; the data sampling time close to the equilibrium is so small that those points form a solid curve. The pseudo-first and pseudo-second order kinetic models as well as the intraparticle diffusion model were applied to the kinetic data. Figures 5 and 6 show examples of experimental data fitted to linearized pseudo-first order and pseudo-second order kinetics models, respectively. It should be kept in mind that the data belonging to the linear kinetic regions of the q t versus time (t) kinetic plots ( Figure 4) were fitted to the models mentioned. The correlation coefficients (R 2 ) obtained are given in Table 5 . The trendlines with R 2 values above 0.99 are accepted as valid and are indicated in bold. The parameters obtained from the application of pseudo-first and pseudo-second order kinetic models to the kinetic data yielding R 2 values higher than 0.99 are given in Tables 6 and 7 , respectively. On the other hand, the parameters for the intraparticle diffusion model are not shown since model application did not yield physically meaningful parameters despite the good mathematical fit, suggesting intraparticle diffusion was not the rate limiting step in the CO 2 adsorption process on any of the adsorbents studied at any temperature level.
The comparison between the adsorbed amounts of CO 2 at equilibrium time (q e ) obtained from experiments and through calculation using kinetic expressions gives an idea about the suitability of the pseudo-first and pseudo-second order rate equations to the data range until reaching q e for each adsorbent. It is quite clear both from Figure 4 having two adsorption phases and from the difference between the calculated and experimental q e values given in Tables 6 and 7 for the pseudo-first and pseudo-second order kinetics, respectively, the kinetics of CO 2 adsorption should be regarded neither as pseudo-first order nor as pseudo-second order if the whole adsorption data range until reaching q e is considered. On the other hand, the kinetic expression showing almost perfect fit to the experimental data points for the kinetic region and yielding relatively lower deviation from the experimental equilibrium adsorption may be safely considered more plausible. Thus at 25
• C the CO 2 adsorption mechanisms of the alkali impregnated AC4 and AC5 samples are not governed by the pseudo-first or pseudo-second order kinetic equations most probably due to the complex nature of the adsorbents. However, at 120 • C, the adsorption kinetics of those samples can be explained by the pseudo-first order kinetics. One can propose further that AC4 and AC5 samples become more stabilized at ca. 120
• C considering the fact that the kinetic behavior of the more stable samples, such as the ones subjected to high temperature helium treatments and the nonimpregnated adsorbents, are well explained by the pseudo-first order kinetics at 25
• C. 
Conclusion
The correlation parameters have shown that experimental isotherm data for the impregnated samples (AC4 and AC5) are in fair agreement with Langmuir and Freundlich model predictions, but the data are better described by the D-R equation. This indicates the possible complicated adsorption phenomena on activated carbon-based adsorbents prepared; competitive or multilayer CO 2 adsorption can occur in the micropores of the adsorbents. The results indicate that the micropore capacities obtained from the D-R model were consistent with the previously conducted characterization studies and the variance in the carbon surface chemistry. The CO 2 adsorption kinetic plots revealed a two-step adsorption process for all the activated carbon adsorbents: a relatively fast kinetic region phase followed by a slow one until reaching the equilibrium. Pseudo-first and pseudo-second order kinetics explain adsorption for the kinetic region for most of the samples. Intraparticle diffusion does not yield physically meaningful parameters. When the whole adsorption data range until reaching q e is considered, the adsorption cannot be explained by any model due to the complex nature of the adsorbents, but the adsorption behavior fits rather well to pseudo-first order kinetics at 120
• C for the alkali impregnated samples, and at 25
• C for nonimpregnated samples and the adsorbents subjected to high temperature helium treatment as well.
Experimental
The chemically modified activated carbon-based adsorbents used in this study are given in Table 8 solution for 3 h and washed with boiling distilled water until the pH reached 5.5. These treatments were followed by overnight drying at 110 • C (AC3). The adsorbents having 10 wt.% Na 2 CO 3 on AC2 and AC3
were prepared by incipient-to-wetness impregnation technique and are named AC4 and AC5, respectively. They were calcined at different temperatures in 5% O 2 -95% N 2 mixture for 2 h after the impregnation procedure (Table 8 ). All adsorbents were used as such or were subjected to He treatment for 2 h at 400
• C or 600
• C.
4
The CO 2 adsorption capacities and CO 2 adsorption isotherms in the range of 0-20 bar were obtained by using an Intelligent Gravimetric Analyzer (Hiden Isochema). High purity CO 2 gas was connected directly to the analyzer. The adsorption and desorption isotherms of all samples were obtained at 25, 120/180, and 200
• C. In order to eliminate humidity and trapped gasses, 60-90 mg samples were outgassed at room temperature for 24 h prior to the adsorption runs. A detailed characterization study including BET (given in Table 9 ), SEM, and FTIR-DRIFTS studies was conducted on the adsorbent samples. 4 The analysis of the adsorption isotherms was carried out by means of the Langmuir, Freundlich, and D-R methods. Pseudo-first and pseudo-second order kinetic models as well as the intraparticle diffusion model were used to describe the kinetic behavior of the adsorbents. AC5-250 10% Na 2 CO 3 impregnated and calcined in 5% O 2 -95% N 2 mixture (250 • C) AC3 AC5-250-400He AC5-250 subjected to He treatment at 400
• C for 2 h AC4-300-600He AC4-300 subjected to He treatment at 600
• C for 2 h 
